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The brain is the central organizer of food intake,
matching the quality and quantity of the food sources
with organismal needs. To ensure appropriate amino
acid balance, many species reject a diet lacking
one or several essential amino acids (EAAs) and
seek out a better food source. Here, we show that,
in Drosophila larvae, this behavior relies on innate
sensing of amino acids in dopaminergic (DA) neurons
of the brain. We demonstrate that the amino acid
sensor GCN2 acts upstream of GABA signaling in
DA neurons to promote avoidance of the EAA-defi-
cient diet. Using real-time calcium imaging in larval
brains, we show that amino acid imbalance induces
a rapid and reversible activation of three DA neurons
that are necessary and sufficient for food rejection.
Taken together, these data identify a central amino-
acid-sensing mechanism operating in specific DA
neurons and controlling food intake.INTRODUCTION
All organisms need to sense and adapt to changes in nutrient
levels and nutrient demand. In vertebrates, this is achieved
through close monitoring of available nutrients by sentinel tis-
sues such as the gut, adipose tissue, and the pancreas, which,
in turn, signals the nutritional status to the brain, ultimately lead-
ing to changes in metabolism and food intake (Iwatsuki and Torii,
2012). In the brain, nutrient-sensing neurons also respond
directly to fuel-related stimuli like glucose, fatty acids, or amino
acids, engaging neurophysiological responses that control
energy intake (Blouet and Schwartz, 2010). However, the neuro-
chemical identity of these neurons and the molecular sensors
used are in many instances unknown.
The complexity of the vertebrate brain presents a challenge to
understand the integration of nutrient signals and the molecular
and cellular mechanisms of neuronal nutrient sensing. A possible510 Cell 156, 510–521, January 30, 2014 ª2014 Elsevier Inc.alternative is to use genetically tractable organisms with simpler
brain structures like the fruit fly Drosophila (Simpson, 2009).
Indeed, Drosophila recapitulates many of the hallmarks of
peripheral and central nutrient sensing seen in mammals. At
the periphery, a main nutrient sensor located in fat cells signals
to the brain and controls the release of Drosophila insulin-like
peptides (Dilps) (Colombani et al., 2003; Ge´minard et al., 2009;
Rajan and Perrimon, 2012). In conditions of nutrient restriction,
the drop in general insulin signaling affects growth of peripheral
tissues as well as the function of specific neuropeptides such as
the Drosophila orthologs of neuropeptide Y, called NPF and
sNPF, leading to changes in feeding behavior (Lee et al., 2004;
Wu et al., 2005a; Root et al., 2011; Itskov and Ribeiro, 2013).
Recent reports also point to the presence of central nutrient
sensors regulating food intake. Experiments made on tasteless
animals have revealed that mice and flies are able to evaluate
the caloric content of carbohydrates independently of sweet
tasting (de Araujo et al., 2008; Burke and Waddell, 2011; Dus
et al., 2011; Fujita and Tanimura, 2011; Stafford et al., 2012).
Interestingly, the Drosophila fructose receptor Gr43a is ex-
pressed in specific neurons of the adult brain and controls
feeding according to circulating hemolymph fructose (Miyamoto
et al., 2012). Therefore, central fructose-sensing neurons could
represent a new type of sensor for carbohydrates, although the
cellular and molecular mechanisms by which GR43a acts to
regulate food intake remain elusive.
Besides sugar, adult flies sense changes in dietary amino acid
levels, and a deprivation in amino acid induces a change in their
feeding preference toward amino acids (Ribeiro and Dickson,
2010; Vargas et al., 2010; Toshima and Tanimura, 2012). The
downstream effector of the target of rapamycin (TOR) pathway,
S6-kinase, and the neurotransmitter serotonin are involved in
this regulation (Ribeiro and Dickson, 2010; Vargas et al., 2010).
However, the detailed molecular mechanisms and the cellular
identity of such amino acid sensor are unknown.
One aspect of amino acid sensing concerns the necessity to
provide essential amino acids (EAAs) that cannot be synthesized
or stored. Earlier experiments in rodents have demonstrated that
animals rapidly evaluate the lack of one essential amino acid in
the food and initiate a series of drastic changes in behavioral
strategies, starting with food avoidance. Injection of imbalanced
amino acid mixes in defined areas of the rodent brain is sufficient
to trigger a reduction in food intake, suggesting that the sensor
for EAA deficiency (EAAD) is located in the brain (Hao et al.,
2005). Additionally, mice with a mutation in the gene encoding
the conserved GC nonderepressing 2 (GCN2) kinase do not
reject the imbalanced diet (Hao et al., 2005; Maurin et al.,
2005), indicating a role for this cell-based amino acid sensor in
triggering the EAAD response (Wek et al., 1989; Dong et al.,
2000). The neural circuitry involved in this behavior remains
uncharacterized.
Here, we identify a neural circuitry involved in amino acid
sensing and the control of feeding behavior in the Drosophila
larval brain. We show that Drosophila larvae reduce food intake
when encountering an EAAD and demonstrate that amino acid
sensing takes place in a limited number of dopaminergic (DA)
neurons. Calcium imaging in live brain show that DA cells are
rapidly and reversibly activated by EAAD in a GCN2-dependent
manner. Finally, using tissue-targeted genetic loss and gain-of-
function tools, we demonstrate that EAAD-induced food avoid-
ance involves a GCN2-dependent inhibition of GABA signaling
in dopaminergic neurons. This demonstrates the existence of a
dopaminergic circuitry providing homeostatic control on feeding
through a central amino acid sensing mechanism.
RESULTS
Essential Amino Acid Deficiency Induces Food
Avoidance through Activation of a Brain Dopaminergic
Circuitry
Drosophila larvae feed ravenously to gain the energy required for
the spectacular 2503mass increase they undergo within 4 days.
We first tested whether larvae exposed to a food with imbal-
anced amino acid composition would present a change in
feeding behavior. For this, we used a food base consisting of
sugar and corn flour but lacking yeast (a balanced amino acid
source for fly food) and added back different sets of amino acids
(see Experimental Procedures). Corn flour contains overall little
protein (6% compared to 35% for yeast) and is particularly
poor in the essential amino acids tryptophan and lysine. There-
fore, a corn-flour-based food without yeast contains about
one-third of the normal fly food proteins and is deficient in Trp
and Lys (hereafter called EAAD diet). Mid-L3 larvae fed on
EAAD diet reduced their food intake by 20%–25% compared
to larvae feeding on the same diet but supplemented with a com-
plete set of both EAAs and nonessential amino acids (NEAAs)
(Figure 1A). Unlike normally fed larvae, which stay inside food
media and feed continuously, EAAD-fed larvae move away
from the food and roam (Figure 1B). This is similar to the behavior
earlier described in response to noxious food (Wu et al., 2005b).
To demonstrate that this behavior is induced by amino acid
imbalance and not by an overall reduction of amino acids levels,
we added back different mixes of amino acids to EAAD food and
quantified the food intake (see Experimental Procedures for
details). Whereas supplementing EAAD diet with a complete
mix of NEAAs or a mix of all EAAs except lysine and tryptophan
did not change food intake, addition of the full set of EAAs
rescued feeding (Figure 1C). In accordance with this finding,supplementing only Trp and Lys was sufficient to rescue larval
food intake as efficiently as the complete set of EAAs (Figure 1C).
This overall indicates that Drosophila larvae can detect an imbal-
ance in EAAs, resulting in a rejection of the diet.
We then tested the different populations of neurons for their
capacity to trigger a change in food intake when genetically
depleted in essential amino acids. For this, we specifically
knocked down the slimfast gene (slif) in various neuronal subsets
(see Experimental Procedures for details). slif encodes an amino
acid transporter expressed in the brain (Romero-Caldero´n et al.,
2007), whose downregulation induces a cellular depletion of the
two essential amino acids arginine and lysine (Colombani et al.,
2003; Payne and Loomis, 2006). In most neuronal populations,
reduction of slif function did not impact larval feeding (Figure 1D).
By contrast, when directed in the dopaminergic population (tyro-
sine hydroxylase (TH)-Gal4 [Friggi-Grelin et al., 2003]), the knock-
down of slif provoked a strong inhibition of feeding, suggesting
that dopaminergic neurons sense amino acid imbalance and
control feeding (Figure 1D; expression of slif in DA cells was
confirmed by qPCR, see Figure S1 available online). Confirming
this finding, the specific activation of DA neurons using the heat-
activated ion channel TrpA1 (TH>TrpA1) resulted in sustained
feeding inhibition (Figure 1E). Conversely, blocking synaptic
transmission in DA neurons using the Tetanus toxin light chain
(TH>TeTx) increased larval feeding (Figure 1E). Additionally,
increasing dopamine reuptake via the dopamine active trans-
porter (TH>DAT) reducedDA levels in the synapse and increased
feeding, whereas RNAi-mediated knockdown of DAT (TH>DAT-
RNAi) resulted in reduced food intake (Figure 1E). Collectively,
these data demonstrate that a dopaminergic circuitry negatively
regulates feeding during larval development and suggests the
presence of an amino acid sensor in the DA neurons that triggers
EAAD-induced feeding arrest.
The Amino Acid Sensor GCN2 Controls Feeding
Behavior in DA Neurons
Amino acid sensing relies on two conserved signal-transducing
kinases, TOR and GCN2. Branched-chain amino acids, espe-
cially l-leucine, activate TOR kinase complex 1 (TORC1),
whereas GCN2 can be activated by the lack of essential amino
acids upon binding to uncharged tRNAs (Wek et al., 1995;
Hara et al., 1998). We hypothesized that the EAAD-induced
response we observed in larvae could act through one of these
sensor pathways. However, the specific knockdown of the
TORC1 partner Raptor in DA cells (TH>raptor-RNAi) did not
suppress EAAD-induced feeding inhibition (Figure S2I), suggest-
ing that TORC1 activity is not involved. slif knockdown-induced
amino acid imbalance could promote a cellular increase in empty
tRNA levels, in turn activating the GCN2 kinase. Ubiquitous
upregulation of the wt form of GCN2 is not sufficient to promote
a gain of function (Figure S2A). However, expression of a consti-
tutively active form of the fly GCN2 kinase (dGCN2Act) presenting
an F751Lmutation corresponding to the F842L activating muta-
tion originally found in yeast (Qiu et al., 2002) (Figure 2A) induced
the phosphorylation of its target eIF2a, indicative of increased
GCN2 kinase activity (Figure 2A). Conversely, a GAL4-inducible
RNAi construct was used to silence the dGCN2 gene (dGCN2-
RNAi) (Figure 2A). Prolonged expression of dGCN2Act in DA cellsCell 156, 510–521, January 30, 2014 ª2014 Elsevier Inc. 511
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B Figure 1. Dopaminergic Neurons Trigger
Food Rejection upon EAAD
(A) Food intake of larvae over time. Larvae were fed
either a diet deficient for Lysine and Tryptophan
(EAAD diet) or the same diet supplemented with all
amino acids (balanced food). The amount of food
intake was compared to that of balanced food at
3 hr, the time point used in all further feeding assays;
**p < 0.01 (ANOVA).
(B) Roaming phenotype associated with EAAD
feeding.
(C) Food intake on EAAD supplemented with
different sets of amino acids (compared to that of full
EAA set [+all EAA]). +8EAA refers to all EAAs except
Lys and Trp (see Experimental Procedures for
details).
(D) Food intake on rich-food medium upon specific
knockdown of the amino acid transporter slimfast
(slifA, see Experimental Procedures) in different
neuronal populations: dopaminergic (TH-GAL4),
NPF (npf-GAL4), serotonergic (Trh-GAL4), octopa-
minergic (Tdc2-GAL4), cholinergic (Cha-GAL4),
GABAergic (Gad-GAL4), hugin (hug-GAL4), and
peptidergic neurons (386Y-GAL4). **p < 0.0001,
significantly different from all other groups (ANOVA,
Tukey’s HSD, n = 4).
(E) Food intake on rich-food medium after transient
activation (TH-GAL4; Tub-GAL80ts; UAS-TrpA1
and TH-GAL4; Tub-GAL80ts; UAS-DAT-RNAi) or
silencing (TH-GAL4, Tub-GAL80ts; UAS-TeTx and
TH-GAL4; Tub-GAL80ts; UAS-DAT) of DA neurons.
*p < 0.05 and **p < 0.01 (ANOVA). Data are mean ±
SEM. See also Figure S1.throughout development resulted in anorexic larvae that did not
grow and eventually died from starvation (Figure 2B). When
restricting dGCN2 activation in DA cells to the mid-L3 stage,
this induced feeding inhibition and roaming, a behavior similar
to EAAD-triggered food avoidance (Figures 2C and 2D). Food
avoidance was also observed upon induction of dGCN2Act in
DA neurons of adult female flies (Figures S2B–S2B00). Impor-
tantly, the number and aspect of TH-positive cells in TH-
dGCN2Act animals were normal, and no cell death was observed512 Cell 156, 510–521, January 30, 2014 ª2014 Elsevier Inc.by Caspase3 antibody labeling (Fig-
ure S2C). Furthermore, in contrast to ani-
mals presenting a strong reduction in the
number of DA neurons (TH>reaper) or
animals deficient in dopamine synthesis
(mutation in the Drosophila TH /ple gene),
which died just after larval hatching, larvae
expressing dGCN2Act died 4–7 days after
hatching. This effect was specific for
DA cells because forced expression of
dGCN2Act in other neuronal populations
did not induce feeding disorders (Fig-
ure S2D). Dopamine signaling also controls
locomotor activity (Zhou and Palmiter,
1995; Draper et al., 2007). However, acti-
vation of dGCN2 in DA cells did not affect
larval mobility (Figure S2E), therefore dis-missing the possibility that the reduced food intake could be
due to a mobility defect. Silencing dGCN2 in the DA neurons of
L3 larvae raised on rich diet had no effect on food intake (Fig-
ure S2F). We then quantified the reduction in food intake when
given an EAAD/imbalanced food compared to food intake of
balanced food (D Food Intake, see Experimental Procedures
for details). As already described, control animals reduced
food intake by 25 percent and started roaming; however, the
knockdown of dGCN2 in larvae fed on EAAD diet attenuated
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Figure 2. GCN2 Functions as an Amino Acid
Sensor in the DA Neurons
(A) Schematic representation of the GCN2 kinase:
the RWD (ring finger/WD-repeat/DEAD-like heli-
case), pseudokinase (ckinase), kinase, and His-RS
(histidyl-tRNA synthetase) domains are indicated.
The activating mutation (Phe to Leu at position 751)
is indicated. Levels of phosphorylation of eIF2a
(P-eIF2a) from brain extracts of GCN2-RNAi
larvae (Hsp70-GAL4>UAS-GCN2-RNAi) after 8 hr
starvation and GCN2Act larvae (Hsp70-GAL4 >
UAS-GCN2Act) fed on normal diet (normalized to
total eIF2a levels).
(B) Chronic activation of GCN2 in DA cells results in
small anorexic larvae, lacking red food in the gut
(TH-GAL4; UAS-GCN2Act) (after egg laying, AEL).
(C and D) GCN2 activation in dopaminergic cells
(TH-GAL4; Tub-GAL80ts; UAS-GCN2Act) triggers
food rejection and roaming (tested on rich food).
Serotonergic cells are used as a negative control
(Trh-GAL4; UAS-GCN2Act).
(E) The knockdown of GCN2 (TH-GAL4; Tub-
GAL80ts; UAS-GCN2-RNAi) or its downstream
effectorATF4 (TH-GAL4; Tub-GAL80ts; UAS-ATF4-
RNAi) or the reduction of DA signaling (TH-GAL4;
Tub-GAL80ts; UAS-DAT) abolish EAAD-induced
feeding inhibition.
(F) Knockdown of GCN2 rescues slifA-induced
feeding inhibition on rich-food diet (TH-GAL4; Tub-
GAL80ts; slifA; UAS-GCN2-RNAi).
**p < 0.01: significant difference from all other
conditions (ANOVA, Tukey’s HSD), except (E); **p <
0.01: significant difference from control (ANOVA).
Data are mean ± SEM. The scale bar represents
0.5 mm. See also Figure S2.this feeding inhibition (Figure 2E) and roaming behavior (Fig-
ure S2G) (confirmed by a second independent UAS-dGCN2-
RNAi line, see Figure S2H). Similarly, the reduction of DA
signaling (TH>DAT) or the knockdown of ATF4 (TH>dATF4-
RNAi), a downstream target of GCN2 (Jousse et al., 2004), abol-
ished EAAD-induced feeding inhibition (Figure 2E). Knocking
down dGCN2 in DA neurons also rescued feeding inhibition
observed after the knockdown of slif (Figure 2F), indicating thatCell 156, 510–52dGCN2 in DA cells is required for inhibition
of feeding induced both environmentally
and genetically. These effects were spe-
cific for dGCN2 since silencing dPEK, a
gene encoding another member of the
eIF2a-kinase family, did not affect food
intake (Figure S2I).
Collectively, these results demonstrate
that activation of dGCN2 in DA neurons is
sufficient to inhibit feeding and is neces-
sary for EAAD-induced feeding inhibition
and roaming.
Real-Time Imaging of EAAD-Induced
Neuronal Activity in Larval Brains
In order to demonstrate that amino acid
imbalance directly activates brain dopami-nergic circuits, we set up an ex vivo culture system in which live
larval brains could be subjected to varying amino acid concen-
trations and monitored for neural activity. In these experiments,
brainsweremaintained in small incubation chambers in the pres-
ence of artificial hemolymph with calibrated amino acid concen-
trations. The calcium indicator GCaMP3 (Tian et al., 2009) was
expressed in DA cells using TH-GAL4 for the purpose of moni-
toring DA neuron activity (Figure 3A). When a balanced mix of1, January 30, 2014 ª2014 Elsevier Inc. 513
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Figure 3. Live Calcium Imaging of DA Neurons Subjected to Variations in Amino Acid Levels
(A) The dissected brain is exposed to test amino acid solutions added directly in a reservoir with artificial hemolymph. The calcium indicator GCaMP3 is expressed
in DA cells, and fluorescence is detected using an immersion objective (see Experimental Procedures).
(B) Basal level of DA neuron activity (balanced amino acids concentrations).
(B0) 1 min after addition of an imbalanced mix lacking Thr, Trp, and Lys, neurons in the DM1, DM2, and DL1 clusters show calcium activation. The scale bar
represents 15 mm.
(C and D) Kinetics of DA neuron activation in response to changes in EAA concentrations (see Experimental Procedures for details). (C) Calcium response to
various amino acidmixes: green, all EAAs; blue, all EAA except Lys, Thr, and Trp; red, all EAAs except Leu, Thr, and Trp; purple, all EAAs except Lys, Thr, and Leu.
(D) EAAD-induced activation (imbalanced) is quickly reversed upon addition of the missing AAs (balanced).
(E) The knockdown of GCN2 (TH-GAL4; UAS-GCaMP3; UAS-GCN2-RNAi) or ATF4 (TH-GAL4; UAS-GCaMP3; UAS-ATF4-RNAi) inhibits EAAD-induced DA
neuron activation.
Data are mean ± SEM. See also Figure S3 and Movies S1, S2, S3, and S4.
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amino acids was added to the brain culture, no calcium activity
was observed in DA neurons (Figure 3C, green line, and Movie
S1) indicating that an overall increase in amino acid concentra-
tions is not sufficient to activate DA neurons. By contrast,
addition of an imbalanced (EAAD) mix in the chamber induced
a fast calcium release, reaching its maximum within 2 min
and lasting throughout the experiment (>5 min) (Figure 3C
and Movie S2). This activation was not due to the lack of a
particular EAA because different mixes lacking various combina-
tions of three EAAs induced similar activation (Figure 3C, purple,
blue, and red lines). Adding back only the missing EAAs quickly
suppressed neural activity (Figure 3D and Movie S3), indicating
that DA neurons can rapidly switch their activity state according
to EAA concentrations. As a control for DA neuron specificity, we
did not observe any calcium flux in the serotonergic neurons
when exposed to EAAD (Trh-GAL4>GCaMP3, Figure S3B and
Movie S4). The knockdown of dGCN2 or dATF4 in DA neurons
strongly attenuated their activation by EAAD (Figure 3E), indi-
cating ex vivo that DA cells use a GCN2/ATF4-dependent mech-
anism to respond to EAAD. This was further supported using the
amino alcohol L-threoninol, an inhibitor of tRNA charging, which
induces sustained activation of the GNC2 kinase (Figure S3A)
(Hao et al., 2005). Incubation of larval brains with the TOR inhib-
itor rapamycin did not modify the basal activity or the capacity of
DA cells to respond to EAAD, confirming ex vivo that TOR
signaling is not likely to control EAA response in DA cells (Figures
S3C and S3D). Interestingly, among the different DA clusters
found in the larval brain, DM1, DM2, and DL1, but not DL2, pre-
sented calcium activation in imbalanced condition (Figures 3B
and 3B0), suggesting that only a subset of DA cells responds
to EAAD.
An Amino Acid Sensor Involving GCN2 and GABA
Signaling Controls DA Neuron Activity and Feeding
As demonstrated by both genetics and live imaging, activation
of DA neurons by EAAD involves dGCN2 and dATF4. Given
the fast kinetics of neuronal activation seen in calcium imaging,
it is unlikely that transcription is involved in such an immediate
response. Interestingly, mammalian ATF4 has been shown to
interact with the GABA(B) receptor 1 subunit (GABA(B)R1)
(Nehring et al., 2000; White et al., 2000; Vernon et al., 2001;
Ritter et al., 2004), suggesting that GCN2 activation in DA neu-
rons could lead to the regulation of GABA signaling by ATF4. We
could show by immunolabeling that the GABA(B) receptor 2
subunit, the heterodimeric partner of GABA(B)R1, is present in
DA neurons (Figures 4A and 4A0). Moreover, the knockdown of
GABA(B)R1 in DA neurons (TH > GABA(B)R1-RNAi) is sufficient
to promote food avoidance in well-fed larvae (Figure 4B), indi-
cating a role for GABA(B) receptor signaling in the regulation
of food intake by DA cells. In order to position GABA(B) receptor
signaling in the EAA-sensing pathway involving GCN2/ATF4, we
tested the genetic interactions between dGCN2 and GABA(B)
R1 in DA cells. Whereas the knockdown of dGCN2 could
efficiently rescue feeding inhibition induced by reducing slif
function (Figure 2F), it did not restore normal feeding when com-
bined with GABA(B)R1 knockdown (TH > GABA(B)R1-RNAi;
dGCN2-RNAi, Figure 4B), suggesting that dGCN2 functions
upstream of GABA(B)R1 in DA cells. In addition, as shownpreviously, the knockdown of dGCN2 efficiently suppressed
EAAD-induced feeding inhibition (Figures 2E and 4C). In these
conditions, the combined knockdown of dGCN2 and GABA(B)
R1 restored feeding inhibition (Figure 4C), indicating that
GABA(B)R signaling is epistatic on dGCN2. In line with this, pre-
treatment of live brains with GABA suppressed EAAD-induced
DA neuron activation (Figure 4D), whereas treating brains with
the GABA antagonist CPG54626 (Hamasaka et al., 2005) led
to DA cell activation in balanced conditions (Figure 4E and
Movie S5). Coimmunoprecipitation and two-hybrid experiments
previously suggested a direct interaction between ATF4 and
GABA(B)R1. To test this possibility in living cells, we set up an
assay for bioluminescence resonance energy transfer (BRET)
between ATF4-venus and GABA(B)R1-RLuc fusion proteins.
Indeed, a specific, saturable BRET signal was observed when
both proteins were expressed in cells, indicating that a physical
interaction takes place between ATF4 and the GABA(B)R1 sub-
unit (Figure 4F). Therefore, our data reveal an antagonistic inter-
play between GCN2 function and GABA signaling that takes
place in DA neurons and mediates EAAD-induced feeding inhi-
bition possibly through a direct interaction between ATF4 and
the GABA(B)R1 receptor subunit.
Identification of the EAAD-Sensing Neurons
Imaging of DA neurons activation upon EAAD revealed that only
the DM1, DM2, and DL1 neurons respond to amino acid imbal-
ance. Detailed analysis of the different DA clusters using driver
lines expressing GAL4 in subdomains of DA neurons (Liu et al.,
2012b) revealed two specific lines, C1-GAL4 and D0-GAL4, tar-
geting nonoverlapping populations of DM1 and DL1 clusters
and presenting distinct properties. The D0-GAL4 line is ex-
pressed in two cells of the DL2 cluster that are not activated in
our real-time calcium imaging assay in response to EAAD and
in three cells of the DL1 cluster. The C1-GAL4 line is expressed
in DM1 and DL2 and in three cells of the DL1 cluster (compare
Figures 5A, 5A0, 5B, and 5B0). C1-GAL4 and D0-GAL4 present
different neuronal projection patterns (compare Figures 5A00
and 5B00), and 3D reconstitution shows that D0-GAL4 targets
three cells most anterior in the DL1 cluster, whereas C1-GAL4
targets the three posterior cells of the same cluster (Figure 5C–
5C00 and 5D–5D00). Live calcium imaging shows that both
the D0 and C1 subclusters activate upon EAAD exposure (Fig-
ure 6A). However, behavior studies indicate that, whereas C1-
GAL4>slifA larvae feed normally, D0-GAL4 > slifA larvae present
a feeding inhibition similar to that observed with TH-GAL4 (Fig-
ures 6B and S4A). Conversely, silencing dGCN2 only in the
D0 population was sufficient to abolish EAAD-induced feeding
inhibition (Figure 6C). Overall, our subtractive analysis using
the D0 and C1 driver lines indicates that, although several popu-
lations of DA neurons can respond to EAAD, only three neurons
located anteriorly in the DL1 cluster are both necessary and suf-
ficient to trigger the EAAD response.
Memory is involved in the adaptation to long-term EAAD
exposure. Moreover, dopamine plays a critical role in aversive
and appetitive memories in the mushroom bodies, the learning
and memory center in the Drosophila brain (Claridge-Chang
et al., 2009; Krashes et al., 2009; Aso et al., 2010; Burke
et al., 2012; Liu et al., 2012a). D0 neurons project to theCell 156, 510–521, January 30, 2014 ª2014 Elsevier Inc. 515
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Figure 4. EAAD Sensing in DA Neurons
Leads to Inhibition of GABA Signaling
through a GCN2/ATF4-Dependent Mecha-
nism
(A and A0 ) GABA(B) receptor 2 subunit is ex-
pressed in DA neurons (A, anti-GABA(B) Receptor
2 subunit antibodies; A0, anti-TH antibodies). The
scale bar represents 10 mm.
(B and C) Genetic interactions between GABA(B)
receptor 1 and GCN2. (B) The feeding inhibition
tested on rich food induced by knocking down
GABA(B)R1 (TH-GAL4; Tub-GAL80ts; UAS-
GABA(B)R1) is unchanged after silencing GCN2
(TH-GAL4; Tub-GAL80ts; UAS-GABA(B)R1-RNAi,
UAS-GCN2-RNAi). (C) Genetic epistasis between
GABA(B)R1 and GCN2: food intake on balanced
(gray) and imbalanced (red) food. Values are
normalized to TH > on balanced food.
(D and E) Calcium imaging (TH-GAL4; UAS-
GCaMP3). (D) Pretreating larval brains with GABA
(20 mM) inhibits activation of DA neurons by EAAD.
(E) Treating brains with the GABA antagonist
CGP54626 rapidly activates DA neurons. See also
Movie S5.
(F) BRET signal measured in HEK293 cells
expressing increasing amounts of ATF4-Venus
and either full-length GABAbR1-Rluc and
GABAbR2 (red squares) or GABAbR1-DC-Rluc
and GABAbR2-DC (gray circles) where the C ter-
minus of each subunit is deleted. The solid line
(red) corresponds to the fit for a saturating curve,
and the broken lines (red and gray) correspond to a
linear regression.
**p < 0.01: significant difference from control
(ANOVA). Data are mean ± SEM.mushroom body as well as to the SOG (Figures S4B and S4C).
However, silencing larval mushroom bodies did not affect
EAAD-induced feeding inhibition (Figure S4D), indicating that
memory does not control acute food rejection induced by expo-
sure to EAAD.516 Cell 156, 510–521, January 30, 2014 ª2014 Elsevier Inc.DISCUSSION
Drosophila larvae reduce their food
intake on EAAD diet. This behavior
does not rely on smell or taste because
it can be specifically mimicked or sup-
pressed by interfering with amino acid
sensing in the brain. In addition, ex vivo
brain imaging demonstrates that DA
cells directly and rapidly activate in
response to EAAD. The fast kinetics of
the response observed in DA cells sug-
gests that uncharged tRNA levels are
instantly linked to variations in intracel-
lular amino acid concentrations and
translated into changes in GCN2 activity.
GCN2 activation leads to several cellular
responses, including a block in transla-
tion initiation through eIF2a phosphory-
lation and the consequent activation ofa specific transcription program in which the ATF4 transcrip-
tion factor plays a key role (Chaveroux et al., 2010). We
demonstrate here that dATF4 in DA cells is required for the
rejection of EAAD food. Given the very fast kinetics of neuronal
activation, it is unlikely that transcription participates in acute
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Figure 5. Differential Targeting of Nonoverlapping Neurons in the DL1 Cluster
(A and B) Nonoverlapping expression of C1-GAL4 and D0-GAL4 in the larval DA clusters (crossed to a UAS-GFPnls [green] and labeled with anti-TH [red] dorsal
view of whole brain lobe). Arrows highlight GFP-positive neurons in the DL1 cluster.
(A0 and B0) Schematic representation of the neurons targeted by C1- and D0-GAL4 lines (green) focusing on the DL1 cluster.
(A00 and B00) projections of D0 and C1 neurons labeled with membrane-bound RFP (UAS-mCD8::RFP).
(C and D) 3D reconstitution of a confocal image of the DL1 cluster for C1-GAL4 (C–C00) and D0-GAL4 (D–D00). In merged images (C00 and D00): anti-TH (red), nlsGFP
(green). The scale bar represents 15 mm.
See also Figure S4.EAAD avoidance. Using genetic interactions and ex vivo
calcium imaging, we show that EAAD-induced feeding inhibi-
tion requires the repression of GABA signaling by dGCN2
activation in DA cells. In addition, our BRET analysis demon-
strates that ATF4 and GABA(B)R1 directly interact in living
cells. These data are supported by observations made inrodents indicating that suppression of GABAergic inhibition
contributes to EAAD-induced food avoidance (Truong et al.,
2002). We therefore propose a model whereby, in response
to EAAD, activation of dGCN2 induces dATF4-mediated
GABA signaling inhibition, dopamine release, and food rejec-
tion (Figure 6D).Cell 156, 510–521, January 30, 2014 ª2014 Elsevier Inc. 517
A B
C D
Figure 6. Three Neurons from the DL1 Clus-
ter Are Necessary and Sufficient to Promote
EAAD-Induced Feeding Inhibition
(A) Calcium imaging showing D0 and C1 neurons
activated upon addition of imbalanced amino acid
mix (D0-GAL4; UAS-GCaMP3 and C1-GAL4; UAS-
GCaMP3).
(B) Food intake on rich food upon slif knockdown in
D0 and C1 neurons (D0-GAL4 or C1-GAL4; slifA;
Tub-GAL80ts).
(C) The knockdown of GCN2 in D0 neurons abro-
gates EAAD-induced feeding inhibition. **p <
0.005: significant difference from all other
conditions (ANOVA, Tukey’s HSD). Data are
mean ± SEM.
(D) A model for the mechanism initiated in
response to EAAD in three DA neurons of the DL1
cluster (see Discussion).TOR signaling couples amino acid availability with the sys-
temic control of growth in fat body cells and ecdysone produc-
tion in the larval ring gland (Colombani et al., 2003; Layalle
et al., 2008). Interestingly, TOR inhibition in DA cells does not
attenuate EAAD-induced food avoidance. Similarly, rapamycin
injection in the antero-piriform complex of rodent brain does
not alter EAAD-induced feeding inhibition (Hao et al., 2010), sup-
porting the notion that GCN2, but not TOR signaling, is the
sensor for EAAD response. How independent these pathways
are is still an open question. Work in yeast suggests that TOR
acts upstream of GCN2 (Cherkasova and Hinnebusch, 2003;
Kubota et al., 2003; Staschke et al., 2010; Valbuena et al.,
2012). Such functional epistasis has not been established in
metazoan cells, and our present data suggest that the two path-
ways operate independently in vivo.
Not all DA neurons are activated by EAAD. Using live imaging,
we repeatedly observed that the DM1 and DL1 cluster, but not
the DL2 cluster, are activated by EAAD. Interestingly, this cluster
was recently implicated in olfactory reward-driven feeding
(Wang et al., 2013), indicating subfunctionality among different
dopamine circuits. Using subtraction analysis, we could show
that only three neurons in the DL1 cluster are responsible for
EAAD-induced food avoidance. Nevertheless, additional DA
cells are activated by EAAD, suggesting that they could con-
tribute to other EAAD-induced behaviors. Indeed, EAAD induces518 Cell 156, 510–521, January 30, 2014 ª2014 Elsevier Inc.long-term effects such as the develop-
ment of a learned aversion to a deficient
or imbalanced food and memory for the
place associated with EAAD food (Booth
and Simson, 1971; Gietzen et al., 1992;
Fromentin et al., 1997, 1998). Hence, acti-
vation of other DA cells by EAAD may
contribute to these additional behaviors.
This work demonstrates a direct role of
DA in nutrient sensing and food rejection
in flies; however, its role in aversive
learning is well established. The activity
of the PPL1 cluster of DA neurons in the
adult fly brain can produce aversivememory when paired with an odor (Claridge-Chang et al., 2009;
Aso et al., 2010). Distinct DA neurons in the PPL1 cluster provide
motivational control over memory expression, suggesting that
these neurons constitute a dopaminergic circuitry that regulates
the internal motivational state of hunger and satiety (Krashes
et al., 2009). Direct lineage tracing remains to be done, but the
D0 and C1 Gal4 drivers targeting the subdomains of the larval
DL1 cluster also target the PPL1 cluster in the adult brain (Liu
et al., 2012b), suggesting thatDL1andPPL1cellsmaybe related.
Therefore, DA signaling in the DL1/PPL1 cluster could act as a
general satiation signal, reducing food intake and abolishing
appetitive performance.
The dopaminergic circuitry is known for its role in the motiva-
tional control of feeding. Here, we show that it also plays a key
role in the homeostatic regulation of food intake. In light of recent
studies showing that metabolic hormones also exert their effect
on thedopamine rewardcircuit, theemergingpicture is that dopa-
mine is a central player in the regulation of food intake through
the integration of nutrient sensing and motivational drives.EXPERIMENTAL PROCEDURES
Fly Stocks
Animals were reared on food containing, per liter (13 recipe), 10 g agar, 83 g
polenta, 60 g white sugar, 17 g inactivated yeast extract, and 3.75 g nipagin M
(in ethanol). For details on fly strains used in the study, see the Extended
Experimental Procedures. Statistical analyses were performed using the
XLSTAT software package. Overall analyses of variance (ANOVA) were fol-
lowed by pairwise comparisons using the Tukey honestly significant difference
(HSD) post hoc test. Unless stated otherwise, all experiments are nR 7.
Behavior Analysis
As long-term activation/silencing of DA neurons affect feeding and hence
overall growth, which, in turn, affects the quantification of food intake, special
considerations had to be made. To avoid crowding and to assure food avail-
ability, larvae of the appropriate genotypes were synchronized at 24 hr after
egg laying and reared on rich food, 40 animals/tube. We reared the animals
at 18C to limit GAL4 expression. In addition, we included the expression of
a temperature-sensitive GAL4 repression, GAL80ts (except Figures 1D and
3E, see figure legends for details). Manipulation of the DA neurons was then
induced at 29C. For quantification of food intake, mid-L3 animals were trans-
ferred to 29C for 3 hr (in experiments using UAS-TrpA1, UAS-DAT, UAS-
GCN2Act, and UAS-TeTx) or 16 hr (in experiments using various UAS-RNAi
and slifA) before being transferred to agarose dishes with test food (30 animals
per dish). Various food recipeswere usedwith different yeast concentrations in
an otherwise standard mix of sugar, corn meal, and nipagine (see fly stocks for
13 recipe): rich food = 13 recipe with 200 g/l yeast; imbalanced food = 13
recipe without yeast and agar supplemented with 13 lipid mixture (Sigma-
Aldrich); balanced food = imbalanced food + 23 MEM EAA mix (GIBCO).
Add-back amino acid supplements (Figure 1C) were prepared fresh from
powder (Sigma-Aldrich) as 503 stock in water (same concentrations as in
MEM EAA mix) and added to food immediately before use. The nonessential
amino acid mix was from GIBCO (MEM NEAA). In all experiments, the final
concentration of add-back amino acids in the food was that of 23 MEM.
Blue food dye (Erioglaucine Disodium Salt, Sigma-Aldrich) was added at
1.5% (w/v) in the food. Larvae were let in blue food for 3 hr at 29C, washed,
put in microtubes (eight larvae per tube), and frozen. Samples were homoge-
nized in H2O and spun down for 5 min at 13,000 rpm, and the amount of
blue dye in the supernatant was measured spectrophotometrically (OD629,
Nanovue). ‘‘Food intake’’ shows variations in food intake according to different
food conditions or genetic backgrounds. For a given experiment, all values are
normalized to one single condition. ‘‘D Food Intake’’ shows how animals with
the same genetic background change their food intake when shifted from
balanced to imbalanced diet. The delta between the two conditions is plotted
as a single value. For the roaming assay, larvae were handled and exposed to
foodmedia as above, and the number of larvae outside the food was scored at
defined intervals. Larval pictures were acquired on a Leica MZ16FA micro-
scope using the Leica Application Suite software.
Immunohistochemistry
L3 larvae were collected and dissected in ice-cold PBS. Samples were
processed according toWu and Luo (2006). Imaging was performed on a Leica
Sp5 confocal microscope, and images were processed using Fiji (ImageJ) and
Adobe Photoshop. Antibodies used were mouse anti-TH (1/100, Immunostar),
rabbit anti-TH (1/500, Millipore), rabbit anti-GFP (1/100, Sigma Aldrich), rabbit
anti-caspase3 (1/500; Cell Signaling Technology), mouse anti-FasII (1/10,
DSHB), and rabbit anti-GABA(B)R2 (1/10000, gift from D. Na¨ssel).
Calcium Imaging in Ex Vivo Larval Brains
Larvae of the appropriate genotypes were synchronized at 24 hr after egg
laying and reared on 13 food with fresh yeast, 30 animals/tube, at 25C.
Mid-L3 larvae were washed and dissected in artificial larval hemolymph media
(HL6 without Ca2+) (Macleod et al., 2002). The larval body was cut and the
cuticle was opened ventrally, posterior to anterior, to expose the brain.
Unwanted tissues were removed. The brain attached to the larval cuticle
was transferred onto a glass slide. An O-ring was glued to a thin plastic plate
(22 mm 3 32 mm) with a 0.7 mm diameter hole in the middle to form a small
reservoir. The plate with the O-ring was positioned over the preparation so
that the brain could stick out through the hole in the middle of the reservoir.
The cuticle and projections to the brain were clamped between the glass
and the plastic plate in order to immobilize the brain. HL6 media with
0.5 mM Ca2+ and a low but balanced mix of amino acids (0.23 MEM EAAGIBCO) was added to the brain. To induce a change in amino acid concentra-
tions, a 503 concentrated amino acid mix, either complete or lacking EAAs,
was added to the preparation (final concentration: 23 MEM EAA GIBCO).
Three different imbalanced amino acid mixes were used to activate DA
neurons: (1) -Lys, -Thr, and -Leu; (2) -Lys, -Thr, and –Trp; (3) -Leu, -Thr,
and -Trp. Rapamycin and CGP54626 were prepared fresh as 2,0003 stocks
in DMSO and used at 20 mM for CGP54626 and at 1 nM or 100 nM for rapamy-
cin. GABA was prepared fresh as 1,0003 stock in water and used at 20 mM.
GABA was added to the brains 5 to 30 min before imaging. L-Threoninol
was prepared fresh as 1,0003 stock in water and used at 10 mM. All imaging
was performed on a Leica Sp5 confocal microscope. Time courses for
calcium imaging were recorded nonstop in a single XY frame, 1 frame/
2.64 s. Images and movies were processed using the Fiji imaging software
with the StackReg 3D Viewer and Time Series Analyzer V2.0 plugins. The 30
first frames in HL6 with balanced amino acid mix were used to establish a
base line (F), which was used to calculate a DF. The average DF for each
time point was calculated from 10 ormore samples, and ±SEMwas presented
for each time point.
Western Blot
Larvae were reared at 18C.Mid-L3 (Hsp70-GAL4; UAS-GCN2Act) larvae were
heat-shocked for 1 hr. Mid-L3 (Hsp70-GAL4; UAS-GCN2-RNAi) larvae were
heat shocked for 1 hr and transferred to agarose-containing tubes at 29C
for 8 hr. Larval brains were dissected and frozen in liquid N2. Western blots
were performed as earlier described (Ge´minard et al., 2009) using anti-eIF2a
(Andersen and Leevers, 2007) and anti-phospho-eIF2a antibodies (ABcam).
Bioluminescence Resonance Energy Transfer
HEK293 cells were transfected with rGABAbR1a-Rluc, rGABAbR2, and in-
creasing amounts of rATF4-Venus using lipofectamine 2000. 24 hr after
transfection, cells were washed with PBS, and the BRET signal was recorded
after addition of coelenterazine (5 mM) on a Mithras LB 940 plate reader
(Berthold Biotechnologies) as previously described (Ayoub et al., 2007).
BRET signals were expressed in mBRET as (YFP signal/RLuc signal) * 1,000.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures, four
figures, and five movies and can be found with this article online at http://dx.
doi.org/10.1016/j.cell.2013.12.024.
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